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(57) ABSTRACT

A method and apparatus by which liquid feedstock suspen-
sions containing fine particles, micron- and nano-sized, are
injected, with sufficient droplet velocity, preferably axially,
into a plume of a thermal spray apparatus for the production
of high-quality nanostructured coatings allows complete
entrainment of the droplets in the plume, while the injection
orifice remains potentially blockage-free for long periods of
operation. The method and apparatus permit delivery at a low
flow rate and with sufficient velocity to permit effective depo-
sition, while reducing obstructions for a suspension feedstock
delivery system and permits suspension feedstock to be con-
trolled and delivered with reduced sensitivity of the spray
process on the injection conditions to enable production of
nanostructured coatings.

22 Claims, 4 Drawing Sheets
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METHOD AND APPARATUS FOR FINE
PARTICLE LIQUID SUSPENSION FEED FOR
THERMAL SPRAY SYSTEM AND COATINGS
FORMED THEREFROM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. patent applica-
tion 60/676,300 filed May 2, 2005, which is herein incorpo-
rated by reference in its entirety.

FIELD OF THE INVENTION

The invention is in the field of thermal spray coatings.
More particularly, the invention relates to plasma spraying of
fine particle suspensions, with a low flow rate and a high
ejection velocity, avoiding problems of obstruction.

BACKGROUND OF THE IVNETION

The art of air plasma spraying (APS) involves applying
material to a surface in an ambient atmosphere. One known
limitation of conventional plasma spraying techniques, is that
they are limited to using large feedstock powders (10-100
um). Consequently techniques for suspending finer powders
(e.g. nano-scale dimension powders) in a liquid carrier have
been developed to permit feeding and spraying of much finer
particles. Unlike to the very small individual particles, the
liquid suspension droplets possess sufficient momentum to
enter the plasma stream. The plasma-liquid interaction atom-
izes the nano-sized powder suspension into a fine mist and
evaporates the liquid suspension medium inside the flame,
thereby concentrating the solid content into micron-sized or
even smaller particles. At impact on the substrate, these par-
ticles form thinner lamellar than in conventional plasma
spraying. Due to the finer lamellar structure, the formation of
thin (50-10 um or less) thermal spray coatings is possible.
Nanostructured coatings can be formed with this technique,
as rapid solidification of the small impinging droplets
restricts their grain growth. As is well known to those familiar
with the art, certain mechanical and physical properties of
materials exhibit remarkable improvements as their grain size
is reduced to the nanometer range.

In the art of suspension thermal spray coating, it is known
to use a DC torch at atmospheric pressure. In such embodi-
ments a liquid feed system is typically provided to inject
droplets radially into a plasma flame of the torch. To ensure
effective heat and momentum transfer from the plasma to the
droplets of the suspension, high droplet jet velocities, and
precise injection location and angle with respect to the central
part of the plasma are critical. Experiments have revealed that
the characteristics and properties of the resulting coatings are
highly sensitive to these injection conditions. At the same
time, the feed rate of the suspension is limited by the finite
thermal loading capacity of the plasma, which not only has to
melt the particles but also evaporate the entire liquid carrier.
Generating high droplet velocities at a suitable feed rate
requires small injection orifices, which are prone to obstruc-
tions by the solid content of the suspension. Injection insta-
bilities, which frequently occur during partial and temporary
obstructions, can divert the jet, leading to disruptions in the
spray, and consequent loss of process efficiency. Complete
obstructions terminate the spray process prematurely.

To avoid these problems research has been directed
towards atomization of the liquid carrier, and to precursor
technologies which do not use suspension delivery of the
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particles. With radial injection of an atomized liquid jet the
heating and dispersion of the injected droplets is strongly
dependent on, among other variables, the trajectory and size
of'the atomized droplets and, ultimately, the size distribution
in the atomized plume. It will be evident to those skilled in the
art that any droplets having too much or too little momentum
will not be entrained in the plume, leaving a narrow band of
droplet size and velocities suitable for effective delivery. Heat
and momentum transfer to the carrier within the plasma is far
more sensitive to droplet size and velocity and it is difficult to
produce droplets in a narrow distribution of sizes and veloci-
ties. For example, U.S. Pat. No. 6,579,573 B3 to Strutt et al.
discloses a method whereby nanoparticle liquid suspensions
are used in conventional thermal spray deposition for the
fabrication of high-quality nanostructured coatings, and the
liquid is gas atomized prior to radial injection into the plasma
flame.

For other reasons axial injection of feed in a plasma spray
system has been developed. For example, U.S. Pat. No. 4,982,
067 to Marantz et al relates to an apparatus to eliminate the
long-standing problems with radial feed spray apparatus by
designing a true axial feed in a plasma spay system. While
most of this disclosure is to using particles as the feed, the
patent also states that, “alternatively the feedstock may be
liquid form, such as a solution, a slurry of a sol-gel fluid, such
that the liquid carrier will be vaporized or reacted off, leaving
a solid material to be deposited”.

U.S. Pat. No. 5,609,921 to Gitzhofer discloses a suspen-
sion plasma spray where the material is supplied to the plasma
discharge in the form of a suspension. The suspension is
brought into the plasma discharge by an atomizing probe
using a pressurized gas to shear the suspension, and thus
atomize it into a stream of fine droplets. The atomizing probe
also includes a cylindrical suspension injection tube.
Between the injection tube and an inner tube (which encases
the injection tube) is defined an annular chamber supplied
with an atomizing gas. While most of the disclosure refers to
aradio frequency induction torch spray system in a controlled
pressure reactor chamber, the patent also states that the RF
plasma torch could be replaced by a DC plasma torch.

U.S. Pat. No. 6,491,967 to Corderman relates to a plasma
spray high throughput screening method and system for fab-
rication of thermal barrier coating. FIG. 3 of this patent shows
a schematic of a gas atomizing injector for the liquid feed-
stock, where the liquid reactant is introduced in the center
tube of two concentric tubes. FIG. 4 of this patent shows a
version of the apparatus configuration for suitable DC APS
torches, where this injector is installed internal to the torch.
This patent essentially deals with solution precursor feeds, in
which reactants (deposition material) are dissolved.

A publication in J. Am. Ceram. Soc. 81 [1] 212-28 (1998)
to Kathikeyan et al. relates to nanomaterial deposits formed
by dc plasma spraying of liquid precursor feedstocks. An
internal gas-atomizer, consisting of multiple concentric tubes
where the liquid is supplied in a central tube, injects the liquid
feedstock axially into the center of four converging plasma
flames.

There remains a need for a solution to the problem of
obstructions of a small injection orifice, to deliver at a low
flow rate and sufficient velocity, while reducing obstructions
for a suspension feedstock delivery system. Furthermore an
Air Plasma Spraying (APS) system is desired that permits
suspension feedstock to be controlled and delivered with
reduced sensitivity of the spray process on the injection con-
ditions to enable production of nanostructured coatings.

SUMMARY OF THE INVENTION

The above discussed and other problems and deficiencies
of'the prior art are overcome or alleviated by the method and
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apparatus of the present invention, which provides a suspen-
sion feedstock injector for Air Plasma Spraying (APS) sys-
tems.

APS systems include plasma torches, a feedstock supply,
and a part that is coated by deposition material carried in
suspension by the feedstock supply. In APS systems the torch
is exposed to ambient air, and not contained within a vacuum
or artificial atmosphere. As such APS systems are more easily
applied in manufacturing industries.

It is a further object of this invention to provide an injector
with an internal configuration that provides substantially
improved protection against obstructions by the solid content
in the suspension.

In accordance with another embodiment of the invention,
the feedstock supply chain is embodied by easily converting
acommercially available convergent DC plasma torch system
into a dual string delivery system.

In accordance with another embodiment of the invention,
the feedstock supply chain injects the deposition material
axially into a plume of a thermal spray. For example the
thermal spray may be produced around a supply orifice or a
plurality of plumes may converge onto a delivered jet of the
suspension. Advantages of this include an improved heat and
momentum transfer from the plasma to the liquid suspension
feedstock as axial injection propelled by a gas and a constric-
tion at the orifice of the feedstock supply accelerates the
suspension in a direction of the plasma. Furthermore since the
plasma envelops the suspension droplets are fully entrained
by the plasma stream, with much less sensitivity to size and
velocity distributions of the suspension.

Using such an embodiment, the particle trajectories,
velocities and thermal histories, as well as the resulting coat-
ing characteristics are less sensitive to the injection condi-
tions, resulting in a more reliable and robust spraying appa-
ratus useful for nanostructured coatings.

Accordingly a gas propelling injector is provided, which
forces the suspension liquid in an annular flow through an
orifice that jointly ejects a propellant defining a gas core,
which constricts the flow of the suspension liquid, causing
acceleration during exit of the orifice. The suspension feed-
stock is preferably axially injected as an annular sheath into
the center of multiple converging plasma jets. As the feed
supply is surrounded by the plasma jets, the droplets are fully
entrained by the converging plasma.

Another aspect of the invention is a plasma spraying torch
system, including a plasma spraying torch and suspension
vessel, from which the suspension is delivered to the injector
at a controlled flow rate and monitored by a precision flow
meter, and then propelled (for example by forced air or other
gas propellant) into the plasma at a controlled propellant flow
rate. Such a plasma spraying torch system may be used for
plasma spraying of nanostructured ceramic and cermet coat-
ings on a substrate.

Another aspect of the invention is a method of injecting a
fine powder suspension into a plasma for plasma spraying, the
method comprising: supplying the fine powder suspension in
a suspension supply tube, and providing a propellant in a
propellant supply tube, the propellant supply tube being con-
tained within the suspension supply tube, at least proximate
an end of the propellant supply tube; mixing the propellant
with the suspension; and propelling the mixture axially into a
plasma flame of a plasma spray apparatus.

Another aspect of the invention is a method of injecting a
fine powder suspension into a plasma for plasma spraying, the
method comprising: supplying the fine powder suspension
and a gas core in an orifice in a two-phase flow, with a
propellant occupying the gas core, and the suspension occu-
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pying an annular sheath surrounding the gas core, the orifice
and gas core constituting a restriction of cross-sectional area
for the liquid suspension whereby the suspension is acceler-
ated for ejection into a plume of a thermal spray whereby the
suspension is ejected and the orifice is extremely unlikely to
be blocked. To provide this the orifice may be fed by an inner
tube for the propellant supply, and an outer annular tube
surrounding the inner tube, for the suspension supply.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the invention is provided with the
following detailed description in conjunction with the follow-
ing drawings:

FIG. 1 is a schematic representation of the DC plasma
spray apparatus in accordance with an embodiment of the
invention;

FIG. 2 is a schematic diagram of a two-phase flow of an
injector of a plasma spray apparatus in accordance with the
embodiment of FIG. 1;

FIG. 3 is a photograph the injection plume of zirconia
powder in an ethanol suspension, discharged through the
injector of FIG. 2 propelled by an air stream;

FIG. 4 is a graph of an operating space in terms of particle
states for four different plasma conditions, and suspension
flow rates varying between 19.3 and 48.2 ml/min, using a
10% ZrO, suspension in the production method of'this inven-
tion;

FIGS. 5 a) and b) are scanning electron micrographs of a
nanostructured yttrium oxide doped zirconium oxide coating,
produced by the method of this invention;

FIG. 6 is a scanning electron micrograph of a nanostruc-
tured Al,O,—Z7rO, composite coating, produced by the
method of this invention; and

FIG. 7 is a scanning electron micrograph of a nanostruc-
tured samarium doped ceria coating as a solid oxide fuel cell
component, produced by the method of this invention;

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1, in one embodiment of the DC-air
plasma spraying (APS) apparatus and system of the present
invention, is schematically illustrated. The design and equip-
ment choice of the system is principally dedicated to deliver
low dosages of a suspension to the spray apparatus at a precise
rate, while minimizing solid sedimentation and buildup. The
apparatus includes an APS torch 10, which produces three
plasma streams 11 converging through a common exit nozzle
12. A commercially available example of a suitable plasma
spraying torch is Model 600 Axial III Torch (Northwest
Mettech Corp., Richmond BC, Canada) capable of generat-
ing high gas velocities and plasma temperatures. The suspen-
sion is supplied through an internal feeding tube 14, central to
the plasma streams. The suspension is propelled into the
plasma flame by a gas (i.e. a propellant), which is supplied
through an internal concentric pipe inside the feeding tube 14.
The suspension is atomized in the plasma, and the stream of
resulting droplets travels through the plasma discharge 13. In
the high temperature plasma, the suspension medium is
evaporated, the vapors decompose, and the solid content of
the suspension is concentrated into small particles 15, which
are either totally of partially melted and/or vaporized. The
plasma discharge 13 accelerates the molten droplets 15,
which impact on the substrate 16 to form the coating of
overlapping, flattened droplets.
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In FIG. 1 the system also includes a suspension vessel 17,
which is equipped with an agitator 18 to prevent sedimenta-
tion in the vessel and ensure homogeneity of the solid content.
The suspension feed is charged to the spray torch 10 via a
computer-controlled pump 20. A progressing-cavity positive-
displacement pump is beneficial, since precise liquid flow
rates can be delivered at a low dosage, free of pulsation and
independent of the downstream pressure buildup, which may
be caused by the plasma and atomizing gas backpressure or
by injector constrictions. Furthermore, these pumps are resis-
tant to the abrasion by the solid content of the suspension, and
provide additional agitation during transport of the suspen-
sion. A suitable model is the NEMO®-Pump NM 005*6S
(Netsch 119 Exton, Pa., USA).

The suspension flow rate to the spray torch 10 is continu-

ously measured through a flow meter 19. A Coriolis type flow
meter is beneficial, since it can measure the flow of non-
conducting liquids, such as ceramics suspended in an organic
solvent, and does not have any moving parts that could
adversely be affected by the solid content of the suspension.
Low flow rates can be precisely measured, independent of the
density of the medium. The uninterrupted flow passage
though the metering device reduces the possibility of solid
buildup and obstruction. A suitable flow meter is a PRO-
MASS 83 A DN4 (Endress & Hauser Canada Ltée, St. Lau-
rent, Quebec, Canada), having a flow tube inner diameter of 4
mm.
Between the periods of plasma operation, the suspension is
continuously circulated through the recycle loop 23 to the
suspension reservoir 17. By ensuring continuous flow though
all wetted conduits during spraying and idle operation, sedi-
ment formation and buildup, which can cause malfunction of
the valves and injector, is avoided. Multiple solenoid-valve or
pneumatic valve controlled inlets and outlets to the conduits
for solvents 24, pressurized air (or other propellant) 26 and
drainage 25 permit a washing sequence of the conduits. Star-
tup, shutdown, as well as solvent rinsing sequences of the
conduits and injector line may be fully automated and com-
puter controlled. The propellant (preferably a) gas 21 is deliv-
ered to the injector through an internal concentric tube. An
electronic mass flow controller with a downstream backpres-
sure regulator 22 precisely controls the gas flow rate, even at
abruptly varying injector pressures, which can arise due to
plasma backpressure or due to solid obstructions of the injec-
tor during the spray process.

The injector 14 will now be further described in reference
to FIG. 2. The injector consists of two concentric tubes. The
outer tube 30 is imbedded in a water-cooled copper diver-
gence of the torch 10, and thereby cooled through intimate
contact to the torch. The liquid suspension is delivered though
the annular chamber 32, delimited by the outer tube 30 and
inner tube 31. The inner tube delivers the propellant gas 33.
Supplying the liquid though the outer annular passage,
instead of through the central tube, provides a cross-sectional
area with a higher cross-sectional perimeter available for
liquid flow, thereby reducing a probability of obstruction.
Should an agglomerate or buildup deposit on the inner walls
of the outer tube 30, only part of the flow channel will be
obstructed and the liquid can pass around the obstruction,
minimally interrupting the spray process. The inner tube 31
terminates shortly before the discharge orifice at the end of
the outer tube 30, creating a mixing chamber 40 for the
propellant and carrier. For example, the inner tube can stop 5
to 20 mm short of the orifice. The propellant and carrier then
discharge though a common restrictive orifice 34. A wall of
the mixing chamber 40 preferably smoothly narrows toward
the orifice 34, which is preferably conical, providing little
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opportunity for material deposition along the inner walls. The
inner orifice diameter can vary between 0.5 mm and 1.5 mm.
As the gas forces the liquid into an annular flow pattern on the
wall of the mixing chamber 40 and of the orifice, the effective
cross-sectional area available for liquid flow is smaller, cre-
ating higher liquid flow velocities in the axial direction. The
gas flow remains in a cylindrical form throughout the orifice
to define a central gas core surrounded radially by an annular
sheath of the carrier. In this flow configuration a continuous
delivery of the carrier through the orifice is ensured.

The high liquid velocities are also beneficial in creating
shear forces along the inner walls of the orifice to avoid solid
buildup. Furthermore, a short residence time of the suspen-
sion in the orifice is imparted. Since the orifice is subject to the
thermal radiation and other heating mechanisms from the
plasma flame, a short contact time of the liquid with the
orifice walls reduces the possibility of solvent evaporation
and solid buildup inside the orifice. The liquid acceleration,
along with the entrainment by the propellant, allows the sus-
pension droplets to attain sufficient momentum to enter the
converging plasma streams 36. On the other hand, particles or
agglomerates, which are larger that the effective cross-sec-
tional area available for liquid flow in the orifice, can pass
unhindered through the orifice without causing an obstruc-
tion. It will be appreciated that such an agglomerate can break
into the gas core, with minimal affect on the delivery rates of
the gas and (more critically) the suspension. Even at low
liquid flow rates and large-diameter discharge orifices, a high
liquid velocity can be maintained by the annular flow of this
two-phase fluid injection, preventing obstructions and mal-
function of the process.

It is a further preferable that the inner tube can be slid
axially from and to the discharge orifice, thereby varying the
volume of the mixing chamber 40. The volume in the mixing
chamber 40 is an important parameter that can be controlled
to maintain the annular twin-fluid flow through the orifice,
and to ensure a continuous discharge, preventing periodic or
pulsing discharge known as slug flow. Such problems arise
for large orifice dimensions, low liquid flow rates and high
liquid viscosities. A pulsing discharge would be detrimental
to the spray process and the resulting coating. For the benefit
of a large discharge orifice, the degree of atomization by this
two-phase fluid injector into a narrow droplet size distribution
is not prioritized, since all ejected droplets are entrained by
the encircling high-velocity plasma streams, which shear the
liquid further into a fine spray of droplets 39.

Itshould be pointed out here that the plasma is initiated and
the plasma operating conditions established before the liquid
suspension is injected. During this period, the inner wall of
discharge orifice 34 is cooled by a continuous flow of the
propellant 33. Without this gas flow during start-up, the arriv-
ing suspension would immediately dry out inside the orifice
tube, thereby obstructing the injector. It will be appreciated
that alternatively, or additionally flow of the carrier (without
the particulate) or another fluid could alternatively be used
while the plasma is being produced, or alternative thermal
regulation can overcome this problem.

Using an outer wall 30 with an inner diameter of 2.1 mm is
selected in the current embodiments, because such tube is part
of the commercially available DC-plasma spraying torch, as
preferred in this invention.

Any suitable propellant gas can be chosen, however nitro-
gen or argon are preferred since these gases are generally
already composing the plasma gas. Using a thin walled stain-
less steel tube 33 for the propellant gas is selected in the
current embodiment in order to maximize the cross-sectional
areas available for fluid flow. Furthermore, a material which
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does not deform at moderately elevated temperatures is pre-
ferred to maintain a precise volume of the mixing chamber
during operation. For example, a stainless steel tube with an
inner diameter of 1.1 mm and an outer diameter of 1.55 mm
can be used.

It should also be noted that the robust, blockage-resistant
injector and delivery system, could also be used in an arrange-
ment, where the suspension is radially injected into the
plasma flame, external or internal to the torch. The advan-
tages in comparison over the prior art are that the suspension
droplets are injected at a high velocity to penetrate the plasma
stream, even at low suspension flowrate, and the injector
remains potentially blockage free. However, if the suspension
is injected radially instead of axially into the converging
plasma flame, a lower proportion of the suspension material
will contact the flame effectively to produce high-quality
nanostructured coatings.

Furthermore, the use of the propellant injector, according
to this invention, is not necessary limited to suspension DC
plasma spraying. It could also be implemented in single
plasma stream DC torches, radio-frequency inductively
coupled torches, flame spray systems and high-velocity oxy
fuel (HVOF) spray systems. The advantages of using an axial
feed converging DC plasma system are the complete entrain-
ment of all suspension droplets and the favorable in-flight
particle conditions.

In the practice of a method of this invention, stable and
reproducible particle jet conditions are observed for long
uninterrupted operating periods. Furthermore, this suspen-
sion injection method, in conjunction with the axial injection
converging plasma torch led to favorable in-flight particle
states. In particular, high average particle velocities up to, but
not limited to, 600 m/sec, at average particle temperatures
above the melting point of common ceramics, are obtained.
Such high values of particle velocities are uncommon in
plasma spraying, and are beneficial to produce dense and
nanostructured coatings. The following non-limiting
examples illustrate the method for the production of nano-
structured coatings. Certain mechanical and physical proper-
ties of materials exhibit remarkable improvements as their
grain size is reduced to the nanometer range. Attractive fea-
tures include decreased thermal diffusivity for zirconia-based
thermal barrier coatings, increased ionic conductivity for
solid oxide fuel cell components, and improvements in hard-
ness and ductility for protective cermet coatings.

EXAMPLE 1

In this example Y,0;—ZrO, oxide coatings, which can be
applied as thermal barrier coatings (TBC) or solid oxide fuel
cell (SOFC) components, were prepared on mild-steel sub-
strates. The suspensions of 10 wt % solids in ethanol was
prepared from 1.5 wt % yttria doped ZrO, powder (29-80 nm
particle size), and dispersed in a two-frequency ultrasonic
bath at 16 and 80 kHz, without addition of a dispersant. The
suspension was injected into the spray torch a flow rate 34.7
ml/min and propelled through the injection orifice of this
invention with a diameter of 0.5 mm with nitrogen gas pro-
pellant ata flowrate of 5.0 slpm. FIG. 3 shows a photograph of
the suspension jet propelled through in injector orifice with-
out the plasma. The converging nozzle was removed for this
photograph. During deposition, the substrate temperature
was maintained at approximately 200° C. using forced air-
cooling. Experimental conditions were as following:
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8
Torch Current (3x) 180 A
Total primary gas flow rate 180 slpm
Argon concentration 45%
Nitrogen concentration 45%
Hydrogen concentration 10%
Torch power 86.3 kW
Torch nozzle size 11.1 mm
Gun traversing speed 600 mm/sec

On line measurements of the particle states at the spray
distance indicated an average particle velocity of 526 m/sec
and a particle temperature of 2851° C. Varying torch-operat-
ing condition can control the particle velocities. Varying the
suspension flowrate into the spray apparatus can control the
particle temperatures.

FIG. 4 illustrates an operating space in terms of particle
states for four different plasma conditions and suspension
flow rates varying between 19.3 and 48.2 ml/min, using a
10% ZrO, suspension and measuring at a spray distance of
63.5 mm. The coatings produced were gray in color and had
athickness of approximately 100 um, however, much thinner
coatings have also been produced. The deposition efficiency
(DE), defined as the percentage of feedstock material fed into
the spray apparatus that actually deposits on the sprayed part
was measured as 64%. Electron microscopy on the cross
section of the coatings revealed a highly dense microstruc-
ture, free of cracks and without any visible lamellar structure,
as shown in FIG. 5. A pronounced lamellar structure is usu-
ally associated with thermal spray coatings by virtue of the
overlapping droplets from which it is formed. A porosity of
<1% was determined using image analysis on the micro-
graph. X-Ray diffraction (XRD) analysis indicated that the
coatings consisted of monoclinic and tetragonal phases, with
approximately 77% tetragonal phase. The nanostructure of
the coatings was confirmed by the peak broadening of the
XRD spectra, indicating a grain size of approximately 30 nm.

EXAMPLE 2

In this example, Al,O, oxide coatings and composite coat-
ings were prepared on mild-steel substrates. The suspensions
of 10 wt % solids in ethanol are prepared from a—Al,O;
powder (29-68 nm particle size), and dispersed in an ultra-
sonic bath, as elaborated in Example 2. A suspension of 57
wt % Al,0, and 43% ZrO, (1.5% Yttria) was also prepared by
mixing Al,O; and ZrO, feedstocks. At this ratio, a eutectic
alloy exists. The Al,O, and Al,0,—ZrO, suspensions were
injected into the spray torch at flow rates of 35 ml/min and
34.7 ml/min, respectively. The suspensions were propelled
through a 0.5 mm diameter injection orifice, using nitrogen
gas at a flowrate of 5.0 slpm. For the purpose of illustration,
this example uses the same spray conditions as listed in
Example 1. However, the substrate temperature for the alu-
mina coating was maintained at 400° C., and for the alumina-
zirconia composite coatings at 300° C. Particle velocities
around 500 m/sec and particle temperatures 0f 2700° C. were
measured in both cases.

Experiments revealed that at particle velocities imparted
using prior art, radially-injected jet sprays, which usually do
not exceed 400 m/sec, the small alumina particles do not
possess insufficient momentum to impact at high velocities
on the substrate, thereby creating porous and non-cohesive
coatings. Because of the low density of the material, the small
particles follow the diverging gas stream in front of the sub-
strate surface.



US 8,629,371 B2

9

A substantial improvement was noticed using the feed-
stock injector for the axial converging plasma torch of the
present invention. The high particle velocity at high particle
temperature could partially overcome the density and size
limitation to create sufficiently high impact velocities. The
produced Al, O, coatings showed a porosity of 11% and XRD
measurements revealed retention of the metastable y-phase at
88% and a grain size of 25 nm, indicating high impact veloci-
ties and a high degree of spreading and cooling of the arriving
droplets.

The composite coatings were produced at a deposition
efficiency of 75%, higher than for ZrO, or Al,O; alone. The
porosities of approximately 1% were substantially lower than
for pure alumina. The coatings consisted of thin alternating
layer of Al,O; and ZrO,, with some intimate mixing in
between the layers. FIG. 6 shows a micrograph of such a
coating. XRD measurements revealed a grain size in the
coating between 18 nm for t-ZrO, and 34 nm for y-Al,O5. A
low thermal conductivity (1.7 W/mK) was measured, which
is not solely attributable to the interface resistance between
the layers, but also to the existence of crystalline nano-grains,
which are created by melt quenching the ceramic solution and
thereby suppressing the eutectic reaction. These coatings can
be used in thermal barrier applications, requiring coatings
that are thinner and lighter than conventional TBC’s. The
continuous alumina strata could further serve as oxygen dif-
fusion barriers.

EXAMPLE 3

In this example, samarium doped ceria electrolytes for an
intermediate temperature solid-oxide fuel cell (SOFC) were
produced. SOFC electrolytes are traditionally made of yttria-
stabilized zirconia (YSZ) and operate at high temperatures,
typically around 900-1000° C. Reducing the operating tem-
perature can significantly decrease the component cost. This
would drastically lower the material costs for components
like interconnects and insulation. New materials, such as
gadolinium or samarium-doped ceria ceramics (CGO or
SDC) have higher conductivity at lower temperatures. Fur-
thermore, a thin and nanostructured electrolyte layer can
compensate for the reduction of ionic conductivity at lower
temperatures by decreasing the traveling distance for oxygen
ions and enhancing the mobility of the ions along the grain
boundaries. In contrast to traditional processes, such chemi-
cal vapor deposition (CVD), physical vapor deposition
(PVD) and casting, plasma spraying is highly cost-effective
and does not necessarily require post-deposition heat treat-
ments.

The suspensions of 5 wt % solids in ethanol was prepared
from samarium doped CeO, powder (20 nm particle size),
and dispersed in an ultrasonic bath. The suspension was
injected into the spray torch a flow rate of 34.5 ml/min and
propelled through the injection orifice of this invention with a
diameter of 0.5 mm, using nitrogen gas at a flowrate of 5.0
slpm. The coatings were produced on a special stainless steel
material, developed as interconnects for SOFC’s. The sub-
strate temperature was maintained at approximately
500-700° C. using forced-air cooling. Experimental condi-
tions were as following:

Torch Current (3x)

Total primary gas flow rate
Argon concentration
Nitrogen concentration

200 A
275 slpm
75%

10%
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-continued

15%

82 kW
11.1 mm
600 mm/sec

Hydrogen concentration
Torch power

Torch nozzle size

Gun traversing speed

These operating conditions generated particle velocities in
excess of 500 m/sec, made possible by the injection system
and torch configuration of this invention. The produced coat-
ings had a thickness of approximately 20 um. High-resolution
electron microscopy on the cross section of the coatings
revealed a highly dense microstructure, free of cracks and
without any visible lamellar structure, as shown in FIG. 7.
X-Ray diffraction (XRD) analysis indicated that the coatings
did not contain any phases that were not present in the feed-
stock. Grain sizes in the coatings were measured to be below
50 nm. Due to the injection scheme and torch configuration of
this invention, thin and dense electolyte layers of doped ceria,
and also porous anode layers, such as nickel oxide samarium
doped ceria, as well as cathode layers, such as lanthanum
strontium magnesium oxide layers can consecutively be
deposited to form a complete solid oxide fuel cell. The plasma
spraying process of this invention would be highly economi-
cal for the production of next generation intermediate-tem-
perature SOFC’s.

EXAMPLE 4

In this example, submicron nanostructured tungsten car-
bide with cobalt (WC/Co) coatings are produced, which
showed a surface roughness significantly lower than conven-
tionally produced tungsten carbide coatings. This low surface
roughness eliminates the need for post-machining of an abra-
sion resistant coating on a part. It will be appreciated that
machining significantly increases the production costs. The
suspensions of 10 wt % solids in 65 wt % ethanol and 25
wt % ethylene glycol are prepared from ball-milled WC 12
wt % Co powder (60-200 nm particle size), using a polyeth-
ylene imine (PEI) dispersant at a pH of 9.7. The suspension
was injected into the spray torch at flow rates of 51 ml/min.
The suspensions were propelled through a 1.5 mm diameter
injection orifice, using nitrogen gas at a flow rate of 8.0 slpm.
The stainless steel substrate temperature was maintained at
250-300° C. This example uses the same spray conditions as
listed in Example 3. Particle velocities around 600 m/sec and
particle temperatures 0f 2200° C. were measured. At this high
particle velocity, which is beneficial for creating dense coat-
ings, precise control of the flow rate provided by the two-
phase injector, make it possible to maintain low in-flight
particle temperatures to minimize the degree of degradation
of'the carbide phase in the coatings.

While preferred embodiments have been shown and
described, various modifications and substitutions may be
made without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not
limitations.
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What is claimed is:

1. A method for injecting a fine powder suspension into a
plasma for plasma spraying, the method comprising:

a. supplying the fine powder suspension in a suspension
supply tube;

b. providing a propellant in a propellant supply tube, the
propellant supply tube being contained within the sus-
pension supply tube, at least proximate an end of the
propellant supply tube;

c. ejecting the propellant with the suspension into a plume
of'a thermal spray apparatus, so that the propellant occu-
pies a core and the suspension occupies an annular
sheath disposed radially about the core.
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2. The method of claim 1 wherein ejecting comprises
injecting the propellant axially the thermal spray.

3. The method of claim 1, further comprising controlling
supply of the fine powder suspension, by:

d. adding a nano-scale powder to a liquid carrier:

e. dispersing the nano-scale powder within the carrier; and

f. controlling supply of the carrier to the suspension supply

tube.

4. The method of claim 3 wherein controlling supply of the
carrier comprises pumping the carrier to the suspension sup-
ply tube.

5. The method of claim 4 wherein pumping comprises
providing computerized control of a progressing-cavity posi-
tive-displacement pump.

6. The method of claim 5 wherein a computer monitors the
controlled supply by a Coriolis flowmeter.

7. The method of claim 1, further comprising controlling
supply of the propellant by measuring a flowrate of a gas, and
controlling a valve to maintain a preferred flowrate.

8. The method of claim 1 wherein mixing the propellant
and the suspension comprises providing a variable volume
mixing chamber at an opening of the propellant supply tube.

9. The method of claim 1, wherein supplying the fine
powder suspension comprises supplying a nanoscale powder
of'a given composition and operating the torch to produce thin
nanostructured intermediate-temperature solid-oxide-fuel-
cell components, such as an electrolyte and an electrode.

10. The method of claim 1, wherein supplying the fine
powder suspension comprises supplying a nanoscale powder
of a given composition of yttria stabilized zirconia, yttria
stabilized zirconia, or alumina composites to produce a ther-
mal barrier coating.

11. The method of claim 1, wherein supplying the fine
powder suspension comprises supplying a nanoscale powder
of a given cermet composition containing tungsten carbide
(WC) and cobalt (Co) to produce a protective coating.

12. The method of claim 1, wherein supplying the fine
powder suspension comprises supplying a nanoscale powder
of'a given composition containing titanium dioxide (TiO,) to
produce a photocatalytic coating.

13. A fine particle liquid suspension feedstock injector for
axial injection of feedstock into the center of a plume of an air
thermal spray system, comprising:

g. a central propellant tube;

h. an annular feedstock passage encasing the gas propellant

tube; and

i. a common injection orifice, though which the feedstock

and propellant is forced, the feedstock being delivered in
an annular flow pattern,

the annular flow pattern being of constricted cross-sec-

tional area defined between a wall of the orifice and a
core of the propellant permitting a constant, high veloc-
ity, low volume delivery of the feedstock.

14. An injector according to claim 13 wherein the central
propellant tube terminates within the annular feed stock pas-
sage at a variable distance from the common injection orifice
providing a mixing chamber of variable volume.

15. An injector according to claim 13 wherein the thermal
spray system comprises a plurality of converging plasma
plumes, and the propellant is continuously flowing to addi-
tionally provide a coolant for the feedstock.

16. A liquid suspension feedstock delivery system for the
injector according to claim 13, for supplying precise flow-
rates of the feedstock, the delivery system comprising:

j- a delivery pump coupled to the feedstock passage;

k. a precision mass flow meter for measuring a flowrate of

the feedstock;
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1. a recycle loop for recycling feedstock through the deliv-
ery pump, mass flow meter, and fluid control system
connected to the feedstock passage when in the spraying
and idle states.

17. The delivery system according to claim 16 further
comprising a reservoir and an agitator that continuously agi-
tates particles suspended in a carrier to produce the feedstock.

18. The delivery system according to claim 16 further
comprising a pump for pumping the carrier to the suspension
supply tube.

19. The delivery system according to claim 18 wherein the
pump comprises a progressing-cavity positive-displacement
pump.

20. The delivery system according to claim 18 further
comprising a Coriolis flowmeter for measuring a flowrate of
the suspension.

21. The delivery system according to claim 16 further
comprising a computer for controlling flow to the feedstock
passage in spray and idle conditions.

22. An injector according to claim 13 using injection of
feedstock into a plume of one of a DC-air plasma spray
apparatus, a high velocity oxy fuel spray apparatus (HVOF),
aflame spray apparatus, a water stabilized plasma spray appa-
ratus (WSP); and a radio frequency inductively coupled
plasma spray apparatus (RF-ICP).
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